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Abstract.We have recently shown that ilhnaquinone 
(IQ) causes the breakdown of Golgi membranes into 
small vesicles (VGMs for vesiculated Golgi mem- 
branes) and inhibits vesicular protein transport be- 
tween successive Golgi cisternae (Takizawa  et al., 
1993).  While other intracellular  organelles,  intermedi- 
ate filaments, and actin filaments are not affected, we 
have found that cytoplasmic micrombules are 
depolymerized by IQ treatment of NRK cells. We pro- 
vide evidence that IQ breaks down Golgi membranes 
regardless of the state of cytoplasmic microtubules. 
This is evident from our findings that Golgi mem- 
branes break down with IQ treatment in the presence 
of taxol stabilized micrombules.  Moreover, in cells 
where the micrombules are first depolymerized by 
microtubule disrupting agents which cause the Golgi 
stacks to separate from one another and scatter 
throughout the cytoplasm, treatment with IQ causes 
further breakdown of these Golgi stacks into VGMs. 
Thus,  IQ breaks down Golgi membranes indepen- 
dently of its effect on cytoplasmic microtubules.  Upon 
removal of IQ from NRK cells, both microtubules and 
Golgi membranes reassemble.  The reassembly of 
Golgi membranes, however, takes place in two sequen- 
tial steps: the first is a micrombule independent pro- 
cess in which the VGMs fuse together to form stacks 
of Golgi cistemae.  This step is followed by a 
micrombule-dependent process by which the Golgi 
stacks are carried to their perinuclear location in the 
cell. In addition,  we have found that IQ has no effect 
on the structural organization  of Golgi membranes at 
16°C.  However, VGMs generated by IQ are capable of 
fusing and assembling into stacks of Golgi cisternae at 
16°C.  This is in contrast to the cells recovering from 
BFA treatment where, after removal of BFA at  16°C, 
resident Golgi enzymes fail to exit the ER, a process 
presumed to require the formation of vesicles. We 
propose that at  16°C there may be general inhibition 
in the process of vesicle formation,  whereas the pro- 
cess of vesicle fusion is not affected. 
C 
YTOPLASMIC microtubules  are  thought  to  play  a 
central role in the pericentriolar localization  of the 
Golgi complex in animal  cells.  This is based on the 
findings  that disruption of cytoplasmic microtubules with 
drugs such as nocodazole causes fragmentation of the Golgi 
complex into stacks, which subsequently disperse through- 
out  the  cytoplasm  (Rogalski  and  Singer,  1984).  Upon 
removal of microtubule depolymerizing drugs, the microtu- 
bule network reforms and the Golgi stacks move along the 
repolymerized microtubules into the pericentriolar  region 
(Rogalski  and Singer,  1984;  Ho et al.,  1989;  Turner and 
Tartakoff,  1989; Cooper et al.,  1990;  Kreis,  1990).  Thus, 
a relationship  between the state of microtubules and the in- 
tegrity of the Golgi complex has been defined. Under condi- 
tions where microtubules are depolymerized and the Golgi 
stacks are dispersed throughout the cytoplasm, newly syn- 
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thesized  proteins  are  still  transported  through  the  Golgi 
cistemae  (Iida and  Shibata,  1991). Prolonged incubation 
with nocodazole (18-24 h) arrests cells in mitosis by inhibit- 
ing the dynamics of the mitotic spindle (Jordan et al., 1992). 
The Golgi membranes under these conditions  are found to 
be composed of small vesicular structures and are thought 
to represent the mitotic form of Golgi (Lucocq et al., 1987a,b, 
1989; Warren,  1985, 1989). This observed breakdown of the 
Golgi stacks into the mitotic form is not a direct effect of 
microtubule disruption, but rather a corollary of the ensuing 
mitosis, which is prolonged by the drug's inhibitory effect on 
mitotic spindle dynamics. Activated cdc2 kinase is believed 
to be the key player in the events responsible for converting 
the interphase  cell into its mitotic state (for a review see 
Moreno and Nurse, 1990). Among the observed changes in 
a cell during mitosis are the breakdown of the Golgi complex 
into vesicles and a block in vesicular transport (Featherstone 
et al.,  1985; Lucocq et al.,  1987a,b).  The possible targets 
of cdc2 kinase that  alter the dynamics of the Golgi mem- 
branes have yet to be identified. 
We have recently reported the identification of a novel nat- 
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Golgi membranes completely into small vesicles (VGMs for 
vesiculated Golgi membranes) as revealed by both, electron 
microscopy and light microscopy  (Takizawa et al.,  1993). 
Upon removal of the drug the Golgi membranes reassemble 
rapidly into the pericentriolar  region of the cell. This pro- 
cess is observed in >95 % of the cells, is energy dependent, 
occurs  at  37°C  and  does  not  require  protein  synthesis 
(Takizawa et al., 1993). In the presence of IQ, transport of 
newly synthesized proteins from ER to the cis-VGMs is not 
affected, however, further transport along the secretory path- 
way is blocked. Unlike BFA, IQ does not induce retrograde 
transport of Golgi  enzymes into ER.  IQ works  most ef- 
ficiently in kidney derived tissue culture cells and less effec- 
tively in tissue culture ceils such as CHO and Hela. Intracel- 
lular organdies such as the ER, nucleus, mitochondria,  and 
cytoskeletal elements such as actin filaments and intermedi- 
ate filaments are not affected by IQ. 
Microtubules have been implicated in some vesicle fusion 
events as well as in some steps of the secretory pathway, yet 
other transport and fusion events occur normally in the ab- 
sence of polymerized microtubules (Herman and Albertini, 
1984; Matteoni and Kreis,  1987; Rindler et al.,  1987; De 
Brabander et al., 1988; Gruenberg et al., 1989; Turner and 
Tartakoff, 1989; Scheel et al., 1990; Iida and Shibata, 1991). 
We, therefore,  wanted to explore the involvement of cyto- 
plasmic microtubules in the process of  VGM production and 
fusion.  We have found that IO~ in addition to vesiculating 
Golgi membranes, depolymerizes cytoplasmic microtubules. 
However, IQ causes Golgi membranes  to break down into 
VGMs even in the presence of  taxol-stabilized microtubules. 
Moreover, we provide evidence that if the Golgi complex is 
first  dismantled  into  stacks  with  microtubule  disrupting 
agents, IQ treatment further breaks down Golgi stacks into 
VGMs. Thus, IQ acts independently both on microtubules 
and Golgi membranes  and breaks down Golgi membranes 
regardless of the state of cytoplasmic microtubules. 
Upon removal of IQ, the microtubules repolymerize  and 
the Golgi membranes  assemble in the pericentriolar  posi- 
tion. During the reassembly process, the VGMs first assem- 
ble into stacked cisternae by a process that is independent 
of cytoplasmic  microtubules.  These  stacks  then assemble 
into a Golgi complex in the pericentriolar region by a micro- 
tubule-dependent process. Therefore, while the localization 
of the Golgi complex to the microtubule organizing center 
(MTOC) requires polymerized microtubules, the generation 
of VGMs by IQ, and the reassembly of the VGMs to form 
stacks  of Golgi  cisternae  occur  independently  of micro- 
tubules. 
It has been shown that the transport of proteins from ER 
to Golgi is blocked at temperatures lower than 16°C, and the 
transport of proteins from the TGN en route to the cell sur- 
face is inhibited at temperatures below 20°C (Marlin and Si- 
mons,  1983; Saraste  and  Kuismanen,  1984; Tartakoff, 
1986). We have found that while VGM production  is in- 
hibited at 160C, the VGMs fuse and assemble into stacks of 
Golgi cisternae  at 160C. In contrast,  cells pretreated  with 
BFA to redistribute Golgi membranes to the ER do not, upon 
removal of  the drug, reassemble the Golgi apparatus at 160C, 
even after 6 h. This seems to corroborate  our findings that 
1. Abbreviations used in this paper: IQ, ilimaquinone; MT(~, microtubule 
organizin~ center; OA, okadaic acid; VGMs, vesiculated Golgi membranes. 
budding processes (such as those proposed to be needed for 
ER to Golgi transport for recovery from BFA treatment, and 
those  needed  for IQ-mediated  vesicle  formation)  are  im- 
paired at 16°C but fusion events proceed relatively normally 
at the reduced temperature. 
Materials and Methods 
Reagents, Antibodies, and Cells 
Brefeldin A was obtained  from Sigma Chem.  Co.  (St.  Louis,  MO) and 
stored as a stock solution of 2 mg/ml in methanol at  -20oc. IQ is made 
up fresh as a stock solution of  5 mg/ml in DMSO. Nocodazole and colcemid 
are purchased from Calbiochem, La Jolla, CA. Nocodazole is made up at 
10 mg/ml in DMSO and stored at -20oc. Colcemid is made up at 10 mM 
in DMSO and stored at -20°C. Taxol is purchased from Sigma Chem. Co. 
and stored at 10 mg/ml in DMSO at -20°C. NRK cells were grown in com- 
plete medium  consisting of DMEM (from  GIBCO BRL,  Gaithersburg, 
MD) with 10% FCS,  100 U/ml penicillin, and 100 ~tg/ml streptomycin at 
37°C in a 5% CO2 cell incubator. 
All drugs were used at the indicated final concentrations in complete tis- 
sue culture medium supplemented with 25 mM Hepes, pH 7.4: IQ 30 ~tM; 
colcemid  1 ~tM; taxol  10/~g/mi;  nocodazole  100/~g/ml;  Brefeldin A 2 
~g/ml. When more than one drug was used, final concentrations for each 
drug were as described. 
Rabbit anti-a-mannosidase  II was a gift from Dr. M. Farquhar (Univer- 
sity of California  at San Diego, La Jolla,  CA). Fluorescein-labeled goat 
anti-rat IgG was purchased from Jackson Labs (West Grove, PA). Rat anti- 
tubulin was purchased from Accurate Chemical & Sci. Corp. (Westbury, 
NY). Rhodamine-labeled goat anti-rabbit was purchased from Boehringer 
Mannheim Biochemicals (Indianapolis, IN). 
Other Procedures 
Electron Microscopy. Cells were fixed for 2 h at room temperature in 2 % 
glutaraldehyde and 4% paraformaldehyde, washed extensively in PBS, and 
then fixed in 2 % OsO4 in PBS for 2 h. The sample was washed in ddH20 
three times and carried through a series of dehydration steps using acetone 
as described in Tolmyasu (1992). The sample was embedded in spurs, and 
sections viewed on Philips 300. 
lmmunofluorescence.  Cells were fixed with methanol at -20°C for 5-10 
min, and .~aen  washed three times with PBS and put in blocking buffer (PBS 
with 2.5 % FBS, 0.2 % azide) for 10-15 rain at room temperature. Cells were 
then washed three times with PBS before incubation with primary antibody 
for 30 min (the primary antibodies were diluted in blocking buffer-l:l,000 
for anti-mannosidase  II;  1:100 for anti-tubulin).  The cells  were washed 
again three times with PBS after removal of the primary antibody, and then 
were incubated for 30 rain with the secondary antibodies (diluted 1:100 in 
blocking buffer). The cells were washed three times with PBS before being 
mounted on slides using 90% glycerol in tris buffer pH 8.5 and phenyldia- 
mine (a gift from Dr. M. Yaffe's  lab at University of  California at San Diego) 
as  an  anti  bleach  agent.  Cells  were  photographed  through  a  Nikon 
Microphot-FXA microscope using T-Max 3200 asa film. 
Results 
IQ Depolymerizes Cytoplasmic Microtubules, and the 
IQ Breaks Down Golgi Membranes in the Presence of 
Taxol Stabilized Microtubules 
For all the experiments described,  IQ was used at 30/~M 
final concentration in complete tissue culture medium sup- 
plemented  with 25  mM Helms, pH 7.4. NRK cells  were 
treated with IQ for 30 rain at 37°C. The cells were then fixed 
and stained with antibodies to tubulin and the Golgi specific 
polypeptide mannosidase II. Under these conditions Golgi 
membranes  break  down  and  are  subsequently  dispersed 
throughout the cytoplasm (Fig. 1 C). Additionally, IQ causes 
depolymerization  of cytoplasmic microtubules  (Fig.  1 D), 
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persal of the Golgi complex. NRK cells were incubated with IQ (C 
and D) or DMSO as a control (A and B) for 30 min at 37"C. The 
cells were fixed, permeabilized, and double stained with antibodies 
to  marmosidase  II  (A  and  C)  and  tubulin  (B  and  D).  Anti- 
mannosidase H and anti-tubulin antibodies were revealed by using 
a goat anti-rabbit antibody  conjugated to rhodamine  and a goat 
anti-rat antibody conjugated to fluorescein, respectively. As is evi- 
dent, the Golgi complex and the cytoplasmic microtubules are com- 
pletely disassembled by IQ treatment.  Bar, 20/~m. 
however, intermediate filaments and actin filaments are not 
affected (data not shown). 
As mentioned before, depolymerization of microtubules 
with agents such as nocodazole or colcemid cause the Golgi 
complex  to  disassemble  into  small  stacks  which  subse- 
quently disperse throughout the cytoplasm. Since this dis- 
persal of the Golgi complex is a direct result of the depoly- 
merization of microtubules, pretreatment of ceils with the 
microtubule stabilizing agent taxol, should inhibit the ability 
of these drugs to cause dispersal of the Golgi complex. This 
is demonstrated in NRK cells pretreated for 30 min with 10 
#g/ml taxol before treatment with 100/~g/ml nocodazole for 
90 min in the presence of taxol. As shown in Fig. 2 A, taxol- 
stabilized  microtubules  are  not  depolymerized by  subse- 
quent nocodazole treatment. Furthermore, this stabilization 
of microtubules prevents the dispersal of Golgi stacks nor- 
mally observed upon treatment with nocodazole (Fig. 2 B). 
Therefore, stabilization of microtubules with taxol inhibits 
the nocodazole-mediated disassembly of the Golgi complex 
into stacks and their subsequent dispersal in the cytoplasm. 
IQ treatment also result in microtubule depolymerization. 
However, unlike other microtubule depolymerizing agents, 
which  cause  the  disassembly  of the  Golgi  complex  into 
stacks dispersed in the cytoplasm, IQ causes the Golgi com- 
plex  to  vesiculate  (Takizawa  et  al.,  1993).  It  therefore 
seemed likely that IQ was acting more specifically on the 
Golgi membranes themselves. Thus, we were interested in 
testing whether depolymerization of  microtubules was requi- 
site for IQ-mediated Golgi membrane vesiculation. To inves- 
tigate this, NRK ceils were preincubated for 30 min with 10 
/~g/ml taxol to stabilize microtubules, and then treated with 
Figure 2.  IQ breaks  down Golgi membranes in the presence of 
taxol-stabilized microtubules. NRK cells were incubated with taxol 
for 30 min at 37"C. The cells were then treated in the presence of 
taxol with noeodazole for 90 min (A and B) or IQ for 30 min at 
370C (C and D). The cells were fixed, permeabilized,  and double- 
stained with an anti-tubulin antibody (A and C) and an anti-man- 
nosidase II antibody (B and D). Anti-rnannosidase II and anti-tubu- 
lin antibodies were revealed by using a goat anti-rabbit antibody 
conjugated to rhodamine and a goat anti-rat antibody conjugated 
to fluorescein,  respectively. Pretreatment  of cells with taxol pre- 
vents both microtubule depolymerization  (A) and the dispersal of 
the Golgi stacks (B) normally observed by treatment with nocoda- 
zole alone. However, while the treatment of cells with taxol pre- 
vents microtubule depolymerization by IQ (C), it does not inhibit the 
IQ-mediated disassembly of the Golgi complex (D). Bar, 20/~m. 
IQ in the presence of taxol for 30 min at 37°C. IQ does not 
depolymerize taxol-stabilized cytoplasmic microtubules (Fig. 
2  C),  but does,  however,  still cause Golgi membranes to 
vesiculate (Fig.  2  D).  Thus,  IQ breaks down Golgi mem- 
branes independent of its effect on microtubules. 
Cytoplasmic Microtubules Are Not Required for the 
Breakdown of Stacks of Golgi Cisternae into VGMs 
To further demonstrate that IQ acts on Golgi membranes 
directly in a manner independent of microtubules the follow- 
ing experiment was performed. NRK ceils were pretreated 
with 1/~M colcemid for 90 min at 37°C.  A  sample of cells 
was fixed and double stained with antibodies to mannosidase 
II and tubulin. This treatment results in depolymerization of 
cytoplasmic microtubules (Fig.  3 A) and causes the Golgi 
membranes to  disassemble into  numerous  smaller stacks 
that are dispersed throughout the cytoplasm (Fig.  3 B).  If 
these cells are then treated with IQ in the presence of col- 
cemid, the Golgi stacks further vesiculate into VGMs (Fig. 
3 C) while continued treatment with colcemid alone does not 
cause any further breakdown of the Golgi stacks (data not 
shown).  These results  demonstrate  that  IQ causes break- 
down of Golgi stacks into smaller fragments and provide ad- 
ditional evidence that IQ interacts with Golgi membranes 
and causes their breakdown regardless of the state of cyto- 
plasmic microtubules. 
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upon IQ treatment. NRK cells were treated with the microtubule 
depolymerizing agent colcemid for 90 rain at 37°C. The cells were 
fixed, permeabilized, and double stained with an anti-tubulin anti- 
body  (A)  and  an  anti-marmosidase  II  antibody  (B).  Anti- 
mannosidase II and anti-tubulin antibodies were revealed by using 
a goat anti-rabbit  antibody conjugated to rhodamine and a goat 
anti-rat antibody conjugated to fluorescein, respectively. Under 
these conditions the cytoplasmic microtubules depolymerize, and 
the Golgi complex disassembles into small stacks that are subse- 
quently dispersed throughout the cytoplasm. In parallel, NRK cells 
were treated with colcemid as above and then subsequently in- 
cubated with IQ in the presence of colcemid for 30 min at 37°C 
(C). The cells were fixed, permeabilized, and stained with anti- 
mannosidase II antibody followed by a goat anti-rabbit  antibody 
conjugated to rhodamine. As is evident (C), the Golgi stacks break 
down further upon IQ treatment. Bar, 20 #m. 
The Assembly of VGMs into a Golgi Complex 
upon Removal of  lQ Is in Two Sequential Steps: 
a Microtubule-independent Step, followed by a 
Microtubule-dependent Process 
We have shown before that upon removal of IQ, the Golgi 
membranes reassemble in the pericentriolar position (Taki- 
zawa et al., 1993). Based on these findings, we expected that 
microtubules  would  also  reassemble  after removal of IQ 
from NRK cells. To test this, NRK cells pretreated with IQ 
for 30 min at 37°C were washed free of drug, and then in- 
cubated at 37°C in drug free medium. After 2 h, at which 
time the Golgi complex has reformed and localized to the 
perinuclear region (Fig. 4 A), the microtubule network is re- 
established (Fig. 4 B). 
The next question we wanted to address was whether poly- 
merized microtubules were required for the reassembly of 
VGMs to form the Golgi complex. To test this NRK cells 
were treated with IQ to break down Golgi membranes into 
VGMs. The cells were then washed extensively to remove 
IQ. As previously shown (Fig. 4 A), VGMs assemble into a 
complex of Golgi stacks in the pericentriolar position after 
2 h at 370C.  However, if during the recovery from IQ treat- 
ment the cells are treated with 100/tg/ml nocodazole to keep 
the microtubules depolymerized (Fig. 4 D), the VGMs reas- 
semble to form large discrete Golgi structures that are found 
dispersed  in the cytoplasm (Fig.  4  C).  Upon removal of 
nocodazole, microtubules repolymerize (Fig. 4 F) and these 
Golgi structures reform into the Golgi complex localized to 
the pericentriolar region of the cell (Fig. 4 E). 
To  identify the  organization of the  assembled  form of 
VGMs  in  the presence of depolymerized microtubules,  a 
preparation of such cells was examined by electron micros- 
copy. As shown in Fig. 5, the Golgi membranes under these 
conditions are organized into stacks of cisternae. Therefore, 
in the absence of  cytoplasmic microtubules, VGMs assemble 
to form stacks of Golgi cisternae but fail to progress further 
along the assembly pathway to form a  complex of Golgi 
stacks in the pericentriolar position. Thus, our results dem- 
onstrate that the assembly of Golgi membranes from VGMs 
takes place in at least two steps: a microtubule independent 
step in which stacks of cisternae are formed from the VGMs, 
followed by a microtubule-dependent process in which these 
stacks are brought together into the pericentriolar position. 
Fusion of  lQ Derived VGMs Occurs at 16°C, However 
Budding to Form VGMs Does Not 
It is known that many transport processes are sensitive to low 
temperatures: transport out of the TGN does not occur at 
temperatures below 20°C,  while ER to Golgi transport is 
sensitive to temperatures below 16°C (Matlin and Simons, 
1983; Saraste and Kuismanen, 1984; Tartakoff, 1986). We, 
therefore, wanted to examine the effect of lowered tempera- 
tures on the IQ-mediated vesiculation of Golgi membranes 
to form VGMs and the subsequent fusion of VGMs, upon 
removal of the drug, to form Golgi stacks. NRK cells were 
treated with 30/zM IQ at 16 and at 200C. While substantial 
depolymerization of microtubules occurs after 30 min of IQ 
treatment at 20°C, neither vesiculation nor any other pheno- 
typic changes in the organization of the Golgi membranes 
was observed at either 16 or 20°C (data not shown). To ex- 
amine whether VGMs would fuse at 16°C after removal of 
the drug, NRK cells were treated with IQ for 30 min at 37°C, 
and then washed free of the drug.  The cells were then in- 
cubated at either 16 or 370C.  As shown previously, at 37°C 
the Golgi membranes completely reassemble in the pericen- 
triolar position after 2 h (Fig. 4 A). However, if cells are in- 
cubated at 16°C, the VGMs assemble into discrete structures 
that are dispersed throughout the cytoplasm. These struc- 
tures remain dispersed even after 6  h  at  16°C after which 
time microtubules have completely repolymerized (Fig. 6, A 
and B). Furthermore, cells treated with IQ in the presence 
of  taxol-stabilized microtubules, which are then washed free 
of  IQ and incubated at 160C, assemble the vesicles into these 
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removal of IQ, and full reassembly of the Golgi com- 
plex requires polymerized  rnicrotubules.  NRK cells 
were treated with IQ for 30 win at 37"C. The cells 
were washed extensively to remove IQ, and then in- 
cubated at 37°C in the absence  (A and B) or in the 
presence (C and D) of 100/~g/ml nocodazole for 2 h. 
In a parallel experiment after 2 h of reassembly in the 
presence of nocodazole, the cells were washed exten- 
sively to remove nocodazole and incubated at 37"C (E 
and F). The cells were fixed, permeabilized, and dou- 
ble stained with an anti-mannosidase II antibody and 
an  anti-tubulin  antibody.  Anti-mannosidase  II and 
anti-tubulin antibodies were revealed by using a goat 
anti-rabbit antibody conjugated to rhodamine  and a 
goat  anti-rat  antibody  conjugated  to  fluorescein, 
respectively. Both the Golgi complex and the cyto- 
plasmic microtubules reassemble upon removal of IQ 
(A and  B).  If, however, the  microtubules  are kept 
depolymerized  by  nocodazole  treatment,  the  IQ- 
mediated breakdown products (VGMs) of Golgi mem- 
branes assemble to form large discrete structures that 
remain dispersed in the cytoplasm (C and D). Upon 
removal  of  nocodazole,  the  microtubules  repoly- 
merize (F)  and these  Golgi  structures  assemble  to 
form a Golgi complex in the pericentriolar  position 
(E). Bar, 20 ttm. 
Figure 5. VGMs assemble into stacks of Golgi cisternae in the ab- 
sence of  cytoplasmic  microtubules. NRK cells were treated with IQ 
for 30 rain at 37°C, washed extensively to remove IQ, and then in- 
cubated at 37°C for 2 h in the presence of nocodazole.  The cells 
were then fixed with glutaraldehyde and processed for electron mi- 
croscopy. Thin sections reveal the presence of stacks of cisternae 
in the cytoplasm of such cells.  Bar, 0.2 #m. 
discrete structures, but fail to further localize the Golgi com- 
plex (data not shown). In contrast, cells pretreated with BFA 
to relocalize Golgi membranes to the ER, and then incubated 
at 16°C in the absence of BFA, are not capable of reforming 
the Golgi apparatus even after 6 h (Fig. 6,  C and D). These 
findings further corroborate the notion that budding events 
(as speculated to be needed for recovery from BFA) and not 
fusion events  (those required  for IQ generated vesicles to 
form cisternae) are inhibited at  16°C. 
We  wanted  to  examine  the  ultrastructure  of the  Golgi 
membranes formed at 16°C from IQ generated VGMs. An 
electron micrograph of these cells (Fig.  7)  shows that the 
structures  formed from VGMs  at  16°C  are  composed of 
stacks of cisternae indicating that at 16°C VGMs are capable 
of fusing to form stacks of Golgi cisternae, but do not pro- 
gress further along the assembly pathway. If the cells at this 
stage are shifted to 37°C,  within 60 min the Golgi mem- 
branes are found to be clustered in the pericentriolar position 
(Fig. 8, A-C) indicating that the stacks formed at 16°C are 
indeed kinetic intermediates that are capable of pericentrio- 
lar relocalization. 
We wished to monitor the kinetics of Golgi stack forma- 
tion from VGMs at 160C. NRK cells pretreated with IQ were 
subsequently incubated in drug-free medium at either 16 or 
37°C.  As shown in Fig. 9, VGMs fuse into large structures 
after  15 min at either temperature while microtubules are 
still depolymerized (Fig. 9, A-D). It appeared that the struc- 
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nae at  16°C upon removal of IQ.  NRK ceils  were 
treated with IQ (,4 and B) or BFA (C and D) for 30 
rain at 37°C. The cells were washed extensively to re- 
move drug, and then placed at 16°C for 6 h. The cells 
were fixed, permeabilized, and double labeled with an 
anti-mannosidase 1I antibody and an anti-tubulin anti- 
body. Anti-mannosidase II and anti-tubulin antibodies 
were  revealed by using  a goat anti-rabbit antibody 
conjugated to rhodamine  and goat anti-rat antibody 
conjugated  to  fluorescein,  respectively.  In  cells 
treated with IQ, VGMs reassemble into large discrete 
structures  that  are  dispersed  in  the  cytoplasm, 
whereas  the Golgi membranes in ceils treated  with 
BFA display a fully dispersed staining pattern. Bar, 20 
/~m. 
tures formed at 16°C may on average be somewhat smaller 
than those formed at 37°C, and additionally, a smaller per- 
centage (75 vs 95%) of the cells showed this phenotype. Af- 
ter 30 rain of recovery, cells at 37°C are already beginning 
to  show  very  large  aggregates of Golgi  stacks  and  some 
pericentriolar clustering (Fig. 9 E), which is probably due 
to the reorganization of the microtubule network at this tem- 
perature (Fig. 9 F). However, cells left at 16°C after 30 rain 
show  little  if any progression beyond the  large structures 
seen  after  15  rain  (Fig.  9  G),  and  it  is  noteworthy  that 
microtubules are still depolymerized (Fig. 9 H). In fact, af- 
ter 3 h at 16°C the Golgi membranes are still found in stacks 
throughout the cytoplasm while the microtubule network is 
just  beginning  to  display  asters  (Fig.  10).  Therefore,  al- 
though microtubules do not repolymerize with the same ki- 
netics at the two temperatures, the kinetics of the formation 
of Golgi stacks from VGMs is approximately the same. Our 
findings suggest a more general correlation of temperature 
dependence  with  regard  to  budding  and  fusion.  Budding 
events such as those needed to form VGMs or transport vesi- 
cles (the latter has also been proposed as a mechanism for 
the reestablishment of the Golgi apparatus after BFA treat- 
ment) cannot occur at 16°C. However, fusion events such as 
those needed to form stacks of Golgi cisternae from VGMs 
are not inhibited at  16°C. 
Figure 7. VGMs assemble into stacks of Golgi cistemae indistin- 
guishable from control Golgi stacks, upon removal of IQ at 16°C. 
NRK ceils pretreated with IQ were washed free of drug, and then 
incubated at 16°C for 6 h. Thin sections were then visualized by 
electron  microscopy. As is evident from this  micrograph,  under 
these conditions, the VGMs have reassembled into stacks of Golgi 
cisternae.  Bar, 0.2 ~m. 
Discussion 
Golgi Breakdown by IQ Is Independent of Cytoplasmic 
Microtubule Depolymerization 
Treatment of cells with microtubule disrupting agents such 
as  nocodazole,  dismantles  the  Golgi  complex  into  small 
stacks that then disperse throughout the cytoplasm.  Upon 
removal  of nocodazole  the  Golgi  stacks  reassemble  and 
localize to the pedcentriolar region. Based on these findings 
it  has  been  suggested  that  microtubules  are  required  for 
maintaining the stacks in a complex as well as localizing the 
Golgi  complex  to  the  MTOC.  Therefore,  although  IQ 
depolymerizes cytoplasmic microtubules, previous data sug- 
gest that mere disruption of microtubules is not sufficient to 
cause Golgi membrane vesiculation.  Indeed,  our findings 
suggest that the vesiculation of the Golgi apparatus occurs 
in a microtubule-independent manner. Whether cytoplasmic 
microtubules are first stabilized with taxol or depolymerized 
with colcemid, the observed effects of IQ on the Golgi mem- 
branes remains the same. Our results, therefore, demonstrate 
that IQ acts independently on both the Golgi membranes and 
the  cytoplasmic microtuhules  and  that  the  breakdown  of 
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removal of IQ are capable of assembly in the pericentriolar region. 
NRK cells were treated with IQ for 30 min at 37°C, and then al- 
lowed to recover for 6 h at 16°C in the absence of drug. The ceils 
were then transferred to 37°C and after 20, 40, and 60 min of incu- 
bation, were fixed and visualized by immunofluorescence using an 
anti-malmosidase II antibody followed by a goat anti-rabbit  anti- 
body conjugated to rhodamine. It is evident that after 20 min of in- 
cubation at 37°C (A), the Golgi stacks have already begun to form 
a ring around the nucleus; after 40 rain, the stacks are beginning 
to move to one side of the nucleus (B). After 60 rain, the Golgi 
stacks are found in a tight complex at the pericentriolar position 
(C). Bar, 20/~m. 
Golgi  membranes  by IQ  treatment  occurs  autonomously 
with regards to microtubules. 
The Reformation of the Golgi Complex Takes 
Place in Two Steps, a Microtubule -independent and a 
Microtubule-dependent Step 
The reformation and relocalizafion of the Golgi complex af- 
ter IQ removal takes place in at least two distinct stages that 
can be detected morphologically. First, the small VGMs fuse 
with each other to form stacks of Golgi cisternae. This event 
takes place in the presence of nocodazole and is therefore, 
microtubule-independent.  The  second  step,  in  which  the 
stacks come together and localize near the MTOC, only oc- 
curs in the presence of polymerized microtubules. The reas- 
sembly of Golgi membrane after removal of BFA also takes 
place in two sequential steps, the microtubule-independent 
assembly of numerous Golgi stacks followed by the microtu- 
bule-dependent clustering of these stacks in the pericentrio- 
lar region (Lippincott-Schwartz et al.,  1990). Additionally, 
Okadaic acid (OA) has been shown to cause fragmentation 
of Golgi complex into cluster of vesicles and numerous iso- 
lated  vesicular  structures  (Lucocq  et  al.,  1991).  Upon 
removal of OA, these vesicular structures first assemble into 
Golgi stacks, which then congregate in the juxtanuclear re- 
gion of the  cells  (Lucocq et al.,  1991).  Warren and  col- 
leagues  (Lucocq  et  al.,  1989)  have  shown  that  in  the 
telophase stage of cell cycle the mitotic Golgi membranes 
(clusters of vesicles and isolated vesicles generated from in- 
terphase Golgi membranes) also first assemble into numer- 
ous stacks which then cluster as a complex in the pericentrio- 
lar  region  of each  daughter  cell.  Although  the  role  of 
microtubules in the Golgi complex assembly pathway after 
mitosis or upon removal of OA has not been investigated, it 
is clear that the reassembly occurs in at least two distinct 
steps.  During the assembly process, we expect that VGMs 
fuse  in  a  homotypic  manner:  those  derived  from  one 
cisterna, e.g., cis, would fuse with other cis-derived VGMs 
to form a cis-Golgi cisterna. In contrast, vesicular protein 
transport  necessitates  heterotypic  fusion  events:  vesicles 
produced from one Golgi cisterna, e.g., cis, fuse with the 
medial cisterna to ensure forward movement of proteins en 
route to the cell surface during exocytosis. Both VGM fusion 
to form cisternae, as well as the fusion of Golgi-derived non- 
clathrin-coated transport vesicles with their target cisternae, 
are microtubule-independent fusion events. How are vesicles 
targeted to fuse with other vesicular structures derived from 
the same maternal cisternae, and how do these homotypic fu- 
sion processes differ from the heterotypic fusion processes 
required for transport? Further,  it remains puzzling as to 
how these scattered VGMs effciently find their appropriate 
targets and fuse such that the resulting cisternae retain their 
identity and form stacks that reestablish their inherent topo- 
logical polarity. 
The second step in the reassembly pathway is the migra- 
tion of the stacks to the pericentriolar position. This process 
is  inhibited  by  nocodazole  thus  implicating  a  role  for 
microtubules. This is not surprising, since it has been shown 
before  that  disruption  of microtubules  causes  the  Golgi 
stacks to scatter and upon reestablishment of the microtu- 
bule network these stacks move along repolymerized micro- 
tubules to the pericentriolar position (Ho et al., 1989). Fur- 
thermore, it has been shown that the trans-Golgi cisternae 
are in a dynamic association with similar cisternae of adja- 
cent Golgi stacks by tubular processes (Cooper et al., 1990). 
These tubular processes extend from the trans-cisterna of 
one Golgi stack and fuse with the trans-cisterna of an adja- 
cent stack. These tubular connections are disrupted by no- 
codazole suggesting  that  tubular  formation is  a  microtu- 
bule-dependent process. Thus, microtubules are necessary 
for the clustering of the Golgi stacks and the relocalization 
of the Golgi complex to the nucleus. 
How might IQ, which appears to affect microtubules and 
Golgi membranes independently, be operating? One obvious 
explanation is that it has (at least) two distinct targets: one 
on microtubules (or on the monomer form of tubulin thus 
Veit et al.  Vesiculation and Assembly of Golgi Stacks  1203 Figure 9. Kinetics  of assembly of VGMs into stacks of Golgi cisternae at 16 and at 37°C.  NRK cells were treated with IQ to dismantle 
Golgi membranes into VGMs. The cells were washed extensively  to remove drug, and then incubated  either at 16 or at 37"C for 15 and 
30 min. The ceils were fixed, permeabilized,  and double stained  with an anti-mannosidase  1I antibody and an anti-tubulin  antibody. Anti- 
mannosidase II and anti-tubulin  antibodies  were revealed by using a goat anti-rabbit antibody conjugated to rhodamine and a goat anti-rat 
antibody conjugated to fluorescein,  respectively.  After 15 min, discrete Golgi structures  are evident  at both 16 (C) and 37°C (A), while 
in both cases microtubules are still depolymerized (B and D). After 30 min at 37°C, the Golgi structures  are very large and are already 
beginning to migrate toward the nuclear region (E), a result of the already repolymerized microtubules  at this time point (F). However, 
at 16°C, the microtubules have not repolymerized (H) and the Golgi structures  remain dispersed throughout the cytoplasm (G). Bar, 20 #m. 
preventing microtubule repolymerization), and one on Golgi 
membranes  themselves  triggering  vesiculation.  Another 
possible  explanation  would involve just  one target and in- 
vokes a  protein  or protein  complex that acts as a  scaffold 
tethering the Golgi apparatus to the MTOC. In this model, 
a skeleton holding the cisternae in stack form, makes contact 
with the scaffold apparatus.  The scaffold itself interacts with 
microtubules and tethers  the Golgi complex to the MTOC 
region.  Disruption  of this  scaffold by IQ would signal the 
Golgi complex to vesiculate. If  this scaffold is part of  the fun- 
damental  core of the MTOC,  the microtubules would also 
begin  to  rapidly  depolymerize.  Stabilizing  microtubules 
with taxol would prevent the depolymerization of cytoplas- 
mic microtubules,  however the disassembly of the scaffold 
would  still  trigger  Golgi  membrane  vesiculation.  Upon 
removal of the scaffold dismantling drug (IQ), Golgi mem- 
branes  would  be  programmed  to  fuse  to  form  cisternae 
which reassemble into stacks, however unless microtubules 
Figure 10.  At  16°C,  the Golgi stacks  formed from 
VGMs remain scattered throughout the cytoplasm and 
after 3 h, asters of the microtubule network are just 
beginning to form. NRK cells pretreated  with IQ, and 
then washed  free of drug were incubated  for 3 h at 
16°C. The cells were fixed, permeabilized,  and dou- 
ble stained with an anti-mannosidase  II antibody and 
an  anti-tubulin  antibody.  Anti-mannosidase  II and 
anti-tubulin  antibodies  were revealed by using a goat 
anti-rabbit antibody conjugated to rhodamine and a 
goat anti-rat antibody conjugated to fluorescein,  re- 
spectively. The Crolgi stacks (,4) are dispersed in the 
cytoplasm, and the asters of  microtubules  (B) are evi- 
dent. Bar, 20 #m. 
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ize to the MTOC. The skeleton would be key in maintaining 
cisternae in stack form, and the scaffold would tether the unit 
to the MTOC. Mere disruption of microtubules with drugs 
such as nocodazole, does not disrupt the reputed scaffolding 
or the skeleton, but allows the stacks to float away from each 
other and the MTOC while still maintaining their topologi- 
cal polarity. 
VGMs Fuse but Do Not Form at 16°C 
Our  results  demonstrate that IQ  cannot vesiculate Golgi 
membranes into VGMs at 16°C.  However, VGMs fuse to 
form stacks of Golgi cisternae at 16°C.  In contrast, if the 
cells are first treated with BFA, and then washed free of drug 
and incubated at 16°C, Golgi membranes do not reassemble. 
Recent studies indicate that the retrograde transport of Golgi 
enzymes into ER observed upon BFA treatment is dependent 
upon microtubules (Lippincott-Schwartz et al.,  1990).  To 
rule out the possibility that the IQ-derived vesicles assumed 
an ER fate in the presence of microtubules, we pretreated 
NRK cells with taxol followed by IQ treatment in the pres- 
ence of taxol, and allowed them to recover at 16°C in the ab- 
sence of drug. We found that stacks of Golgi cisternae were 
still capable of forming under these conditions (evident by 
staining of cells with the antibody against the medial Golgi 
specific  polypeptide  mannosidase  II  by  immunofluores- 
cence, data not shown), while they could not in cells pre- 
treated with BFA. Therefore, in the presence of taxol-sta- 
bilized microtubules, VGMs produced by IQ action remain 
in the cytoplasm and do not relocate into ER. Since it is the 
generation and not the consumption of IQ vesicles that is in- 
hibited at  16°C,  it is tempting to speculate that the  16°C 
block generally observed in transport processes, is in the in- 
ability to form a vesicular structure. 
We have found that during the reassembly process at 16°C, 
Golgi stacks remain scattered in the cytoplasm, even after 
6  h  after  which time the  microtubule network has been 
reestablished. Why don't these stacks move along microtu- 
bules to the pericentriolar position of the cells? The migra- 
tion of these stacks along microtubules requires at least two 
distinct steps:  first, the binding of stacks to microtubules 
which requires NEM sensitive cytosolic factors and Golgi 
membrane associated receptors but in vitro, can occur with- 
out cytoplasmic dynein (Karecla and Kreis, 1992),  and sec- 
ond, the dynein-dependent migration of stacks toward the 
pericentriolar region (Corth6sy-Theulaz, 1992). Perhaps one 
or both of these steps is temperature sensitive and does not 
operate efficiently at 16°C. It is known that the dispersal of 
the  Golgi complex into  stacks  upon depolymerization of 
microtubules with nocodazole, and the recovery of Golgi 
complex upon removal of the drug, are multi step processes 
with different sensitivities to temperature, energy, and ionic 
perturbations  (Turner  and  Tartakoff,  1989).  Our  results 
show that further breakdown of stacks into VGMS and the 
recovery of stacks from VGMs also have different require- 
ments. While VGMs do not form at 16°C, they are capable 
of  fusing at 16°C and both of  these processes are microtubule 
independent. 
The question remains as to how these VGMs are scattered 
throughout the cytoplasm. It seems improbable that a motor 
protein carries them along microtubules (or a hitherto un- 
characterized cytoskeletal track) distributing them through- 
out the cell especially since their dispersal occurs in the ab- 
sence  of polymerized  microtubules.  A  more  plausible 
explanation is that these VGMs do not inherit the ability that 
the parent Golgi complex has of  binding to and moving along 
microtubules. Instead, the VGMs diffuse independently of 
microtubules in a random fashion throughout the cell. This 
leaves  a  very provocative question unanswered:  if Golgi 
stacks bind to and move along microtubules, but VGMs are 
incapable of binding to microtubules, at what point during 
the  reassembly of the organelle is  the ability to bind  to 
microtubules conferred onto the Golgi membranes? 
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